e Sporadic human infections by a novel H7N9 virus occurred over a large geographic region in China. In this study, we show that Newcastle disease virus (NDV)-vectored H7 (NDV-H7) and NDV-H5 vaccines are able to induce antibodies with high hemagglutination inhibition (HI) titers and completely protect chickens from challenge with the novel H7N9 or highly pathogenic H5N1 viruses, respectively. Notably, a baculovirus-expressed H7 protein failed to protect chickens from H7N9 virus infection.
A novel avian H7N9 influenza virus which emerged in poultry in China around March 2013 has caused more than 300 human infections and more than 100 deaths (1) . More than 160 of these cases were reported in the first month of 2014. Because of the lack of an existing immunity against H7 subtype influenza viruses in the human population and domestic poultry and because of the absence of an available vaccine, there is a great concern that H7N9 virus may emerge as a potential pandemic virus for humans. In addition, the possible evolution of this low-pathogenicity H7N9 virus into a highly pathogenic virus for chickens is of concern (1, 3, 4) . Sporadic human infections occurred over a large geographic region in China, suggesting a possible wide spread of H7N9 virus in poultry and at live poultry markets (5, 6 ). To date, no licensed commercial vaccine is available for the novel H7N9 virus in both avian species and humans. Vaccination could be a critical tool to prevent infection of domestic poultry and to prepare for a potential pandemic in humans.
In this study, two H7 and two H5 vaccine candidates were investigated in chickens. The Newcastle disease virus (NDV)-vectored H7 (NDV-H7) vaccine was generated using reverse genetics to insert the ectodomain gene of the H7 hemagglutinin (HA) from Anhui/1/2013 H7N9 influenza virus between the P and M genes of an NDV vaccine strain (Lasota). To be recognized as an additional viral gene, the inserted sequence contained NDV's gene end (GE), intergenic (IS), and gene start (GS) sequences, as well as a Kozak sequence for efficient translation, preceding the H7 initiation codon (Fig. 1A) . To improve the incorporation of the hemagglutinin ectodomain protein in the NDV, the transmembrane and cytoplasmic tail of the NDV F protein were fused to the C terminus of the ectodomain of the H7 protein (Fig. 1A) . The ectodomain (amino acids 1 to 515) of the hemagglutinin protein of the novel H7N9 virus (A/Anhui/1/13) was expressed in a baculovirus system featuring a C-terminal trimerization domain as described before (7) and also evaluated in chickens. Additionally, NDV-H5 of a highly pathogenic avian influenza (HPAI) H5N1 virus (A/ chicken/Bali/U8661/2009, clade 2.1.3.2) and baculovirus-expressed recombinant H5 protein (from A/Vietnam/1203/04, clade 1) were tested in this study as well. The NDV-H5 and H5 subunit vaccine candidates were generated using the same strategy as that for the H7 vaccines (Fig. 1A) . The H5 ectodomain sequence inserted in the NDV vector was modified to replace the multiple basic cleavage site (ESRRKKR/GLF) with a monobasic cleavage site (ESR/GLF). To check the expression of hemagglutinin proteins in NDV-H5-and NDV-H7-infected cells, immunofluorescence assays were conducted on Vero cells infected with NDV-H5 or NDV-H7 by using monoclonal antibodies against either H5 or H7. Both the H5 and H7 hemagglutinin proteins were expressed successfully in infected Vero cells, and the results were further confirmed by flow cytometry (Fig. 1B) . Protein expression levels in chicken cells were analyzed by Western blotting (Fig. 1C) . Chicken embryo fibroblast (CEF) primary cultures were infected with NDV-H5, NDV-H7, and wild-type NDV at a multiplicity of infection of 1 PFU/cell. At 20 h postinfection (p.i.), total cell extracts were analyzed by Western blotting using murine H5-and H7-specific antibodies. Under the conditions used (1:4,000 dilution), the two antibodies recognize identical amounts of the corresponding purified hemagglutinin (HA) with similar sensitivities (data not shown). A commercial antibody against the NDV glycoprotein HN was used to confirm similar viral loads. To analyze the incorporation of the chimeric hemagglutinins in the NDV particle, we compared the amounts of H5 in recombinant NDVs expressing the chimeric H5 or a full-length H5 (unpublished data). Viral particles from allantoic fluid were purified by ultra-centrifugation through a 30% sucrose cushion and analyzed by Western blotting with H5-and HN-specific monoclonal antibodies as described above. As shown in Fig. 1D , replacing the original transmembrane and cytoplasmic domains with those of the NDV F protein resulted in increased incorporation of the chimeric protein in the viral particle.
Six-week-old specific-pathogen-free (SPF) White Leghorn chickens were used. The chicken studies were approved by the Institutional Animal Care and Use Committee at Kansas State University (IACUC 3018). Groups of 10 chickens were vaccinated with NDV-H7 (5 ϫ 10 6 PFU/bird) and NDV-H5 (5 ϫ 10 6 PFU/ bird) vaccine virus by either the intramuscular (i.m.) or oculonasal (o.n.) route. None of the vaccinated chickens showed clinical signs after i.m. or o.n. vaccination with NDV-H7 or NDV-H5. Another two groups of 10 chickens were immunized with either recombinant H7 (10 g/bird) or H5 (10 g/bird) proteins adjuvanted with Montanide ISA 70VG (Seppic, USA). Two groups of chickens (n ϭ 20 per group), vaccinated with phosphate-buffered saline (PBS), served as mock-vaccinated controls. Booster vaccination was conducted 2 weeks after the first vaccination using the same procedure as that for the first vaccination. Blood samples were collected before vaccination and 2 weeks after each vaccination. All birds were challenged 2 weeks after boost with either H5N1 (A/chicken/Bali/U8661/2009) or H7N9 (A/Anhui/1/2013) virus intranasally at a dose of 10 6 50% tissue culture infective doses (TCID 50 ). Cloacal and oropharyngeal swabs were collected at 0, 1, 3, 6, 10, and 14 days postinfection (dpi) for further evaluation. All chickens were observed twice a day for clinical disease with clinical scores from 0 to 3 which reflected the severity of disease (0, healthy; 1, sick; 2, severely ill; 3, dead). Two or three chickens from the vaccinated groups and five birds from the mock groups were necropsied at 2 or 4 days postinfection. Lung, brain, intestine, and bursa of Fabricius were collected for virus titration. A complete set of tissues was collected for histopathological analysis. All surviving chickens were necropsied at 14 dpi. Clinical scores, antibody titers, and survival rates were analyzed by using analysis of variance (ANOVA) in GraphPad Prism version 5.0 (GraphPad Software Inc., CA). Those response variables were subjected to comparisons for all pairs by using the Tukey-Kramer test. Pairwise mean comparisons between vaccinated and mock groups were made using the Student t test. A P value of Ͻ0.05 was considered statistically significant.
NDV-H7 induced low-level hemagglutination inhibition (HI) antibodies after the first vaccination; only a few chickens seroconverted in both the i.m.-and o.n.-vaccinated groups. No detectable antibody was found in the H7 protein-vaccinated groups after the first immunization ( Fig. 2A) . After the booster, high HI antibody titers (1:40 to 1:160) were detected in chickens vaccinated intramuscularly with NDV-H7 ( Fig. 2B and C) . Similarly, all chickens except one seroconverted in the NDV-H7-oculonasally vaccinated group, although the HI titers were lower (1:10 to 1:40) than those in the NDV-H7 i.m.-vaccinated group (Fig. 2C) . However, only four out of 10 H7 protein-vaccinated chickens seroconverted, with low levels of HI antibody titers (1:10 to 1:20) after booster (Fig. 2B ). These data indicate that the NDV-H7 live vaccines induce higher HI antibody levels than does the H7 protein vaccine at the applied doses after two rounds of immunization.
After challenge with the novel H7N9 (A/Anhui/1/2013) virus, no clinical signs were observed in the mock-vaccinated groups and all mock-vaccinated chickens survived through the entire observation period of 14 days. This confirmed that the H7N9 virus is a low-pathogenicity avian influenza virus in chicken. Similarly, all vaccinated chickens survived without showing any clinical signs. More than half of the mock-vaccinated chickens shed virus, with titers ranging from 10 2 to 10 3 TCID 50 , via the oropharynx at 1 and 3 dpi (Fig. 2D and E) . Four or five out of 10 H7 protein-vaccinated chickens also shed virus efficiently via the oropharynx at 1 and 3 dpi, respectively ( Fig. 2D and E) . However, the four seroconverted chickens in the H7 protein-vaccinated group did not shed virus in the entire study. Virus was also detected (10 2 to 10 5 TCID 50 /ml) in cloacal swabs from a small percentage of mock-vaccinated chickens and H7 protein-vaccinated chickens after challenge (Fig. 2D , dashed line, and F). In contrast, none of the NDV-H7-intramuscularly or -oculonasally vaccinated chickens shed virus during the entire observation period (Fig. 2D) . During necropsies at 2 and 4 dpi, no clear gross lesion was observed; virus titration results revealed that virus was present in 2 out of 5 bursas of Fabricius of mock-vaccinated H7N9-infected control chickens at 4 dpi (10 2 to 10 3 TCID 50 /ml). No virus was detected in the tissues collected from vaccinated birds, including the H7 protein-vaccinated chickens. Also, no virus antigen (NP-specific antibody; GenScript, USA) was detected in lung and bursa of Fabricius by immunohistochemical staining in both mock-and H7-vaccinated chickens at the respective necropsy days after infection. Collectively, the novel H7N9 virus is able to infect chickens which shed virus via both oropharynx and cloaca, although without causing clinical signs and gross lesions. The NDV-H7 vaccine completely protects chickens from H7N9 virus shedding independently of the routes of immunization.
Next, we analyzed the immunogenicity and efficacy of the H5 vaccines. All NDV-H5-vaccinated chickens except one from the o.n.-vaccinated group seroconverted (1:10 to 1:80) after a single immunization with NDV-H5 (Fig. 3A) . However, only three chickens seroconverted in the H5 protein-vaccinated group after the first round of vaccination (Fig. 3A) . High-HI-titer antibodies were detected in all NDV-H5-i.m.-vaccinated chickens after booster ( Fig. 3B and C) . All chickens in the NDV-H5-o.n.-vaccinated group and all but one from the H5 protein-vaccinated group seroconverted after booster (Fig. 3B) . After challenge with an HPAI H5N1 virus, as shown in Fig. 3D , the mock-vaccinated chickens showed typical clinical signs of highly pathogenic influenza virus, e.g., depression, skin cyanosis, facial edema, and central nervous system (CNS) signs; 60% of these chickens died (Fig.  3E) ; in contrast, all vaccinated chickens independent of vaccine formulation and immunization route survived without showing any clinical signs during the observation period of 14 days (Fig. 3D and E). Virus was detected in lung tissues of four out of five mockvaccinated chickens necropsied at 4 dpi; one chicken also showed virus replication additionally in brain, intestine, and bursa of Fabricius at 4 dpi (Fig. 3F) . In contrast, no virus was detected in the tissues of NDV-H5-and H5 protein-vaccinated chickens. Immunohistochemical staining showed that NP antigen was detected in the lung and bursa of Fabricius of mock-vaccinated chickens after infection (Fig. 4) ; no antigen was observed in NDV-H5-and H5 subunit-vaccinated groups. Although the mortality rate of the H5N1 virus (harboring the RRKKR motif at the cleavage site of the HA protein) used in this study is only 60%, it caused a systemic infection in all mock-vaccinated birds. Both the NDV-H5 and the H5 subunit vaccine can protect chickens from systemic infection and/or death with H5N1, suggesting that the vaccines should be able to inhibit virus replication and provide protection against more virulent homologous H5N1 strains. In addition, a few mock-vaccinated chickens (3 out of 15) shed virus at 3 dpi via the oropharynx, whereas no virus shedding was detected in vaccinated chickens during the entire observation period (data not shown). Taken together, both NDV-H5 and H5 subunit vaccines induced influenza virus-specific antibody titers after two rounds of vaccination and protected chickens from clinical disease, virus replication, and mortality associated with H5N1 virus infection.
Although the antibody levels of chickens vaccinated oculonasally are lower than those of chickens vaccinated intramuscularly for both the NDV-H5 and NDV-H7 vaccines (Fig. 2C and 3C ), both immunization routes are successful in inducing seroconversion and protection of chicken from challenge. Previous studies showed that oculonasal immunization with NDV-based H5N1 vaccine could elicit immune responses in chickens which were able to protect against highly pathogenic H5N1 infection (9) . The NDV-H5 vaccine induced a better antibody response than the NDV-H7 vaccine in chickens. The H5 subunit vaccine also completely protected chickens from clinical signs and death after challenge with a highly pathogenic H5N1 influenza virus. In contrast, the H7 subunit vaccine induced only low-level antibody responses and failed to protect chickens from virus shedding, suggesting that the H7 HA protein might be less immunogenic in chickens than the H5 protein, as has been described previously in mice and humans (10) . It should be noted that the two NDV vectors express similar amounts of the recombinant HA proteins (Fig. 1C) , and the same amounts of baculovirus-expressed proteins and vaccine adjuvant were used for the immunizations. The observation that an H7 subunit vaccine did not protect all animals against H7N9 challenge might be due to a lower induction of CD4 help. It has been reported that the H7 protein contains 14 to 24% fewer T-cell epitopes than the HA proteins of other subtypes, which may explain the low immunogenicity of H7 in humans (11, 12) ; whether this also applies in chickens remains unknown at this time. Low immunogenicity of the H7 HA implies that the production of an effective H7N9 vaccine will be more difficult than that of previously produced influenza vaccines and might require improvement of the H7 immunogenicity or potent vaccine platforms/formulations.
The H7 subunit vaccine induced only a limited immune response and failed to protect chickens from H7N9 infection. To determine whether this low level of antibody response can drive H7N9 virus antigen drift, we sequenced the HA genes of viruses shed from the cloaca and oropharynx in both mock-and H7 protein-vaccinated groups. In total, five amino acid substitutions were found in the H7 protein of viruses isolated from the vaccinated group and six substitutions were observed in the H7 protein of viruses isolated from the mock group (Table 1) . Interestingly, four of these substitutions (N141D, A143T, N167D, and L235Q) were found in both groups; the L235Q (L226Q, H3 numbering) substitution was observed in both groups already at 3 days postinfection, which suggests that the continuous virus circulation in chickens results in rapid adaptation of this human H7N9 isolate to birds. One substitution, R316K, which is located underneath the ectodomain of H7 protein, was observed only in the H7 proteinvaccinated group. All sequence data suggest that the low level of antibody produced in H7 protein-vaccinated chickens did not stimulate a significant antigenic drift compared to the mock-vaccinated group.
A few H7-based live vaccines have been studied in mammalian models (e.g., mice or ferrets) or in vitro for potential protection against the novel H7N9 virus (13) (14) (15) . H7-based or H3 stalk subunit and modified live vaccines have been shown to protect mice from challenge with the novel H7N9 virus (16) (17) (18) (19) (20) . However, none of these H7 vaccine candidates were evaluated in chickens against the novel H7N9 virus. Importantly, the use of live attenuated influenza viruses as H7 vaccines in avian or mammalian species raises a major biosafety concern, because of possible reassortment with other circulating influenza virus strains (e.g., H3N2, H1N1, H5N1, and H10N8), which may generate new strains with different phenotypes and pandemic potential. NDV LaSota strain is well established as an attenuated vaccine for Newcastle disease; it has also been shown to be a good vector to express foreign proteins (21, 22) . Various NDV-based vaccine candidates have been evaluated in different animal models (e.g., mouse, chicken, pig, dog, etc.), showing that NDV-vectored vaccine candidates work well in various animal species (9, (23) (24) (25) (26) (27) (28) . NDV-vectored vaccines are safer than live attenuated influenza virus vaccines because they do not harbor the risk of reassortment with other influenza virus strains. Additionally, an NDV-vectored influenza virus vaccine can function as a bivalent vaccine against both influenza virus and NDV infections in chickens (10). This conclusion is based on the HI antibody titers against NDV in both NDV-H5-and NDV-H7-vaccinated groups (Table 2) , since both vaccines elicited good immune responses against NDV in oculonasally and intramuscularly vaccinated chickens, with HI titers ranging from 1:40 to 1:320 after booster; these HI titers should be able to provide protection against NDV infection based on previous observations (29) . In the field, although the seropositive prevalence of NDV in chickens is high, based on our data describing specific HI titers against NDV (Table 2) , an anamnestic booster response was found in chickens which had HI titers of 1:10 to 1:40 against NDV after the first vaccination. This suggests that both the NDV-H5 and NDV-H7 vaccines could work in chickens containing HI ti- 
E114Q (6), N141D (6), A143T (3), N167D (6), L235Q (6) a Amino acid substitutions shown in bold were observed in both the mock-and protein-vaccinated groups. H7 numbering is used. b Baculo-IM, intramuscular vaccination with baculovirus-expressed protein. ters of 1:40 or lower against NDV. However, vaccination studies in chickens younger than 6 weeks would need to be performed to investigate the possible use of this vaccine right after birth. In summary, the sporadic appearance of human cases of H7N9 infection continues in various provinces in China, which suggests a wide geographic spread of the novel H7N9 virus. This indicates that an effective H7N9 vaccine is needed to control the spread of this virus in avian species and to avoid cross-species transmission to humans. Based on the present study, both NDV-vectored H7 and H5 vaccines could be potential vaccine candidates to mitigate infections in chickens and consequently protect public health.
